In wells tapping coastal aquifers, piezometric fluctuations can be observed in response to the ocean tide. Simultaneous recordings of the ocean tide and of the piezometric variations may provide a basis for characterizing the hydrodynamics of the aquifer. This approach was attempted to characterize the Dridrate aquifer, located on the Atlantic coast of Morocco. This aquifer accounts for most of the regional drinking water resources. However, its hydrodynamic characteristics are very poorly known. The study compares observed and simulated piezometric fluctuations, under various assumptions (confined, semi-confined aquifer). The model, which best explains the hydrodynamic behaviour of this aquifer is a semi-confined and strongly heterogeneous aquifer model (calculated hydraulic diffusivity values vary over several orders of magnitude). This result is new and rather surprising, since to date this aquifer was considered confined in view of its geological setting. Consequently, new questions are raised regarding the protection and management of the groundwater resources of this aquifer.
INTRODUCTION
The Dridrate aquifer is located in the Oualidia Sahel alongside the Atlantic Ocean in Morocco (Fig. 1) . Formed of sandy and dolomitic limestones, it accounts for most of the drinking water resources in this arid area. The aquifer is directly connected with the Atlantic Ocean. It is separated from the Plioquaternary terrains by overlying reddish sandy and argillaceous deposits. The Plioquaternary terrains form the ground surface and contain superficial groundwater. The Dridrate aquifer is exploited by the National Drinking Water Office (ONEP Office National de l'Eau Potable) to supply the summer resort of Oualidia (Fig. 1) . It is also exploited by a number of private pumping stations intended for irrigation, in places where the Plioquaternary aquifer can supply only small domestic needs (Hazan & Ferré, 1963; Ferré, 1964) .
While the structure of this aquifer is currently well understood, its hydrodynamic characteristics are very poorly known. Indeed, a few pumping tests were carried out in the 1960s in the ONEP well fields. But the pumping test data were strongly influenced by the tide effect and were not interpreted with the intention to derive hydraulic characteristics. Unfortunately, these data are no longer available. In order to improve the knowledge about its hydrodynamic behaviour, it was decided to undertake a study of the effect of the ocean tidal fluctuations on this coastal aquifer. The overall objective was to identify globally its hydrodynamic characteristics and to propose a general picture of its behaviour.
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SITE DESCRIPTION
The Dridrate limestone is of upper Hauterivian age (Roch, 1950; Gigout, 1951) . Its substratum is formed of upper Valanginian-lower Hauterivian formations composed of gypsiferous grey marls intercalated with limestone. It is overlain by upper Hauterivian red sandy and clayey layers. These red clays then constitute the basement of the Plioquaternary sediments formed of calcareous sandstones.
The structure of the aquifer was determined from the geological logs of the reconnaissance boreholes (Fig. 2) and from the results of geophysical explorations (DRPE, 1990) re-examined and corrected in the light of the data from recently dug wells. The main features of this structure are as follows: (a) it indeed has a nearly constant thickness of 30 m (of 24 boreholes, 22 indicate a thickness of about 30 m); (b) it dips below the oceanic zero level over most of the sector (Fig. 2) , with a small dip near the ocean; and (c) it is directly overlain by Plioquaternary formations downstream between Oualidia and El Akarta. Indeed, the red clays are eroded in this sector. The groundwater from the Dridrate aquifer is generally considered as confined underneath the red sandy clays. 
OCEAN TIDE EFFECT ON THE DRIDRATE AQUIFER
In order to study the effect of the ocean tide on the aquifer, the following nine boreholes were selected for piezometric follow-up: 137/26, 235/26, 459/26, 1194/34, 1272/34, 1273/34, 1297/34, 1525/34 and 1531/34 (Table 1) . Among the number of existing boreholes, the ones selected were those not used for groundwater abstraction, those tapping only the Dridrate limestone over all its thickness, and those spatially dispersed over the aquifer. The piezometric survey lasted between 5 and 7 days, except for two boreholes (137/26 and 1531/34), which could be followed up for only 20 h. Borehole readings were monitored on a half-hour basis. The shapes of the borehole NW SE Observation of the tide shows that it is made up of several harmonics. These harmonics are best illustrated with borehole 235/26. No frequency analysis of the tide was performed, such treatment being beyond the scope of this study. Generally, the tide of the Atlantic Ocean is of semi-diurnal type, varying according to the moon phases, with a period close to 12 h. In fact, the semi-diurnal tide presents two high waters and two low waters per lunar day (24 h 50 min). The sinusoidal fittings to the tide were made on a lunar day basis with a period of 12 h 25 min.
Out of the nine selected boreholes, six display clear sinusoidal fluctuations attributable to the ocean tide effect. These are boreholes 137/26, 235/26, 459/26, 1272/34, 1525/34 and 1531/34 . The tide effect causes significant fluctuations in the aquifer piezometric level. This shows that the Dridrate limestone aquifer containsover significant volumes-developed and very diffusive hydrogeological structures in connection with the ocean. The most affected borehole is 1525/34, which is paradoxically far from the coast (x = 2650 m). This can be explained by its location in a very diffusive zone. In this area, where the aquifer is overlain by 50 m of red sandy clays, its confined nature might be accordingly more significant than elsewhere. This is also the case for borehole 1272/34, which is farther from the coast (x = 2800 m). Borehole 235/26, located at 400 m only from the shoreline, also presents significant fluctuations but smaller than those of borehole 1525/34. This could be due to a lesser confinement of the aquifer related to the erosion of red clays, the thickness of which is only 9 m at this point. Borehole 459/26 shows the smallest fluctuations. Here, red clays are completely eroded and the limestone aquifer lies directly underneath the free Plioquaternary aquifer. The last boreholes-1194/34, 1273/34 and 1297/34-do not present any piezometric disturbances clearly attributable to the ocean tide effect. Boreholes 1273/34 and 1297/34, located respectively at 4700 and 4600 m from the ocean, seem to be clear of the tide influence zone. As regards borehole 1194/34, which is relatively closer to the coast (x = 2500 m), the absence of tide effect could be related to a very low permeability area. 
THEORETICAL BACKGROUND
The theoretical background regarding flow in semi-infinite aquifers bounded by a free water body (ocean, river) that fluctuates periodically is briefly reviewed here. Detailed developments can be found in Jacob (1950) , Ferris (1951 ), de Casenove (1971 and Razack et al. (1980) . Assuming a coastal, confined and homogeneous aquifer ( Fig. 5(a) ) of constant thickness, a one-dimensional and Darcian flow, and a vertical and rectilinear limit between the aquifer and the ocean, the flow equation is expressed as: where h(x,t) is the piezometric head (m), S is the storage coefficient, T is the transmissivity (m 2 s -1 ), x is the distance from the ocean (m), and t is time (s). Solutions of equation (1) depend on boundary and initial conditions. When the ocean fluctuations are sinusoidal, these conditions are expressed as:
where h 0 is the tidal half-amplitude and t 0 is the tidal fluctuation period. Solution of equation (1) is then given by:
in which X = x/x 0 is the reduced distance, τ = 2πt/t 0 is the reduced time, and x 0 = (Tt 0 /Sπ) 1/2 ; x 0 is called the "reference distance" and is equivalent to an influence radius depending on the period t 0 . Solution of equation (4) shows that sinusoidal fluctuations will propagate along the aquifer with a time lag (φ) and an exponential amplitude damping (η) with distance from the ocean. The time lag φ and amplitude damping η (also called tidal efficiency factor) are given as follows:
The hydraulic diffusivity, D (D = T/S, ratio of the transmissivity to the storage coefficient, Freeze & Cherry, 1979) , of the aquifer can be determined using expressions of either time lag φ or tidal efficiency factor η. If the studied aquifer conforms to the above assumptions, then the hydraulic diffusivity values derived from the time lag and from the tidal efficiency should be equivalent. These equations developed for confined aquifers can be applied to unconfined aquifers in some cases, when the following assumptions are verified. It should be assumed that vertical flow is negligible (Dupuit's assumption) and that variations in transmissivity resulting from fluctuations in the water table level are negligible. When the aquifer is semi-confined and undergoes leakage ( Fig. 5(b) ), the studied aquifer and the overlying and/or underlying semi-pervious layer are assumed to communicate. Calculations use the leakage distance, B (Kruseman & De Ridder, 1994) , which depends on the thickness and hydraulic conductivity of the aquifer and of the semi-pervious layer:
in which M and K are the thickness and the horizontal hydraulic conductivity of the semi-confined aquifer, respectively, and M′ and K v ′ are the thickness and the vertical hydraulic conductivity of the semi-pervious layer, respectively. A high value of B means a strong resistance to the flow in the semi-pervious layer. The leakage distance B is related to a parameter ρ different from zero, which characterizes the leakage intensity, by the following expression (De Cazenove, 1971) :
The flow equation and its solution are then expressed as:
The actual values of the tidal efficiency factor and time lag permit calculation of x 0 /ρ on the one hand, and of x 0 ρ on the other. The values of x 0 , ρ and B can then be inferred. The value of the hydraulic diffusivity, D, is then readily derived. Equation (9) and its solution (10) can be used to characterize semi-free aquifers. Parameters B and ρ are then replaced by B′′ and ρ′′, where B′′ is the seepage factor:
where 1/α is the Boulton delay index (dimension: "time", Boulton, 1963) and S′′ is the delayed storage coefficient. It should be noted that the leakage factor B and the seepage factor B′′ have the same dimension (length) but the interpretation of their values is rather opposite. A high value of B means a weak leakage whereas a high value of B′′ indicates a rapid drainage of the unsaturated zone.
DETERMINATION OF THE TIDAL EFFICIENCY FACTOR AND TIME LAG
The time lag and tidal efficiency factor were determined according to methods suggested by Erskine (1992) . The tidal efficiency was determined by the ratio of the standard deviations of the tide and piezometric recordings. The advantage claimed for this approach is that all data are used rather than just the recording peaks. This is a robust and reasonably accurate method, and it was retained for this application. The time lag was determined by a least-square fit method. The level of the piezometric recordings was amplified in order to obtain the same mean value as the tide recordings, according to the following expression:
where
h(t) is the piezometric level at time t (m), h′(t) is the amplified piezometric level at time t (m), h is the mean piezometric level (m), T is the mean tide level (m) and η is the tidal efficiency (dimensionless). The time lag φ was then evaluated by minimizing the following expression:
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in which T(t) is the tide level at time t (m). The tidal efficiency factor and time lag calculations were automated using an MS Excel spreadsheet program in order to yield objective results. An example of transformed piezometric levels is reported in Fig. 6 . The tidal efficiency factor and time lag were calculated for each lunar day (24 h 50 min) including two sine curves. Table 2 shows the results related to borehole 1525/34. 
VARIATION IN THE TIME LAG AND TIDAL EFFICIENCY FACTOR
The average time lag and tidal efficiency factor calculated for each borehole are given in Table 3 . In Fig. 7 , the time lags and tidal efficiency factors are plotted against distance from the ocean for the six boreholes in which significant sinusoidal fluctuations were recorded. Obviously, Fig. 7 does not highlight a simple variation of these two parameters according to the distance from the ocean. According to the theory, the tidal efficiency factor should decrease exponentially with the distance (see equation (4)). However, in the present case the highest value of this factor characterizes one of the boreholes furthest away from the ocean (borehole 1525/34, where η = 23.5% and x = 2650 m). Besides, the variation in the time lag is not consistent with the theory stipulating a linear increase in this parameter with the distance. These results clearly emphasize the strong heterogeneity of the Dridrate aquifer. However, a remark must be made about boreholes 459/26 and 137/26. These boreholes are located in a zone where red sandy clays are totally eroded (borehole 459/26) or partially eroded (borehole 137/26). Where the limestone aquifer is directly overlain by Plioquaternary formations, or where the clayey layer is thinner, the groundwater is under no or lower pressure. Indeed, these two boreholes have the highest time lags (φ = 3.06 and 3.20 h, respectively) and the smallest efficiency factors (η = 4.0 and 7.2%, respectively), as compared to the values found for boreholes located farther from the sea (x > 2000 m) but where the aquifer is overlain by a much thicker clayey layer. This effect is the consequence of the unconfined nature of the aquifer. The pressure waves tend to be damped because the storage coefficient relevant to this area is that of unconfined aquifers (porosity of the aquifer), which are several orders of magnitude larger than the coefficient storage of confined aquifers. In unconfined areas, an equivalent change in pressure would necessitate a much greater water movement than in confined areas. Pressure waves are accordingly inhibited and damped in unconfined areas.
It must be also noted that borehole 235/26, which is closest to the sea coast (x = 400 m), is overlain by only 9 m of clays. The aquifer in this sector is thus less confined. The time lag and efficiency factor calculated for this borehole (η = 18.7% and φ = 1.07 h) are accordingly comparable with those calculated for example for borehole 1531/34, located at a much greater distance (x = 2000 m).
Hydraulic diffusivity with the assumption of a confined aquifer
Expressions (6) and (7) of the time lag and damping enable hydraulic diffusivity to be rapidly calculated. Damping e -X = h/h 0 gives X and x 0 . Since x 0 = (Dt 0 /π) 1/2 , the hydraulic diffusivity D is easily inferred. The evaluation of time lag φ = (xt 0 /2πx 0 ) gives x 0 , then D.
This procedure was applied to the six boreholes for which time lags and damping had been evaluated. The hydraulic diffusivity values are reported in Table 4 . Examination of this table clearly shows that the hydraulic diffusivity inferred from damping is very different from that inferred from the time lag, whatever the borehole. This implies that the Dridrate aquifer is not behaving like a purely confined aquifer (in areas where red clays are present), or as a purely unconfined aquifer (in areas where red clays have been eroded). Simulation of the piezometric fluctuations using solution (4), taking into account the hydraulic diffusivity inferred either from the time lag or from damping, rejects without ambiguity the confined (as well as unconfined) nature of the aquifer (Fig. 8) . This is a completely new and surprising result. Considering the geological Observed piezometric fluctuations Fluctuations computed using diffusivity from tidal efficiency factor Fluctuations computed using diffusivity from time lag Fig. 8 Simulation of piezometric fluctuations at borehole 1525/34 assuming a confined aquifer and using a hydraulic diffusivity value inferred from the tidal efficiency factor and from the time lag.
context of the aquifer and the presence of the argillaceous cover, it was generally admitted that this aquifer was confined and well protected. Recall that the pumping tests carried out to date were very disturbed by the tide effect and thus were not interpreted. Unfortunately, these test data are no longer available. Some methods enable measured pumping test data for tidal influences to be corrected (Trefry & Jonhston, 1998) . Standard analyses of the corrected data can then be performed. These tests might have shown the unconfined nature of this aquifer. The proof of the unconfined nature of this aquifer using the tide effect analysis naturally raises new questions about the exploitation and the protection of its groundwater resources.
Hydraulic diffusivity with the assumption of a semi-confined aquifer
The semi-confined aquifer model is plausible in areas where limestones are overlain by red sandy clays, if those are semi-pervious. The semi-confined model was also assumed in areas where sandy clays are eroded, and where limestones are directly overlain by Plioquaternary sandstones. The semi-free aquifer model cannot be appropriate since limestones are completely saturated. In addition, the piezometric heads in sandstones and in limestones are different. The assumption of a possible recharge from the Plioquaternary aquifer to the limestone aquifer is accordingly not unreasonable. Hydraulic diffusivity and leakage parameters calculated for all boreholes, assuming a semi-confined aquifer, are given in Table 5 . The piezometric fluctuations were simulated using solution (10). The fit between observed and simulated fluctuations is very satisfactory (Fig. 9) . In areas where limestones are overlain by red clays, the semi-confined model conforms perfectly. In contrast, in places where red clays are eroded and where the contact between limestones and Plioquaternary sandstones is direct, the semi-confined model remains far away from the geological setting. However, this model stresses a leakage recharge of the limestone aquifer by the Plioquaternary sandstones. The leakage distance B cannot be defined any longer according to the thickness and the hydraulic conductivity of these two aquifers. However, in this case it can be interpreted as a global parameter characterizing the exchanges between both aquifers.
The calculated hydraulic diffusivity, ranging between 44 544 and 1 684 110 m 2 h No value of ρ is greater than 2, indicating that the leakage influence is not considerable on any of the observed points. The vertical hydraulic conductivity of red clays (K v ′) must be relatively low. This is plausible, but to date no measurement of K v ′ enabling such assumption to be checked is available.
CONCLUSION
The study of the Dridrate aquifer (Oualidia Sahel, Morocco) showed the usefulness of a method based on the propagation in a coastal aquifer of pressure waves due to the ocean tide. The method is characterized by relatively easy data acquisition and processing operations. In addition, data recordings (tide, piezometric fluctuations) need not be long. As the main drinking water source, the Dridrate aquifer plays a major social and economic role in this semiarid region. Yet no hydrodynamic characterization of this aquifer had been undertaken before the present study.
Modelling the pressure wave propagation revealed the semi-confined behaviour of the aquifer and a leakage recharge from the overlying Plioquaternary aquifer through red sandy-clayey formations. This result is rather new since, to date, the Dridrate aquifer was considered to be confined, and hence to be well protected from surface pollution. Now the problem of the groundwater resources protection and management is posed in new terms. The study also revealed the strong heterogeneity of the aquifer. Calculated hydraulic diffusivity values extend over several orders of magnitude.
This first study offers a useful diagram for future investigations (particularly for properly conducted pumping tests) in order to achieve a better identification of the aquifer and to elaborate a groundwater management model.
